Building Energy Models (BEMs) are typically used for design and code compliance for new buildings and in the renovation of existing buildings to predict energy use. The increasing adoption of BEM as standard practice in the building industry presents an opportunity to extend the use of BEMs into construction, commissioning and operation. In 2009, the authors developed a real-time simulation framework to execute an EnergyPlus model in real time to improve building operation. This paper reports an enhancement of that real-time energy simulation framework. The previous version only works with software tools that implement the custom co-simulation interface of the Building Controls Virtual Test Bed (BCVTB), such as EnergyPlus, Dymola and TRNSYS. The new version uses an open standard interface, the Functional Mockup Interface (FMI), to provide a generic interface to any application that supports the FMI protocol. In addition, the new version utilizes the Simple Measurement and Actuation Profile (sMAP) tool as the data acquisition system to acquire, store and present data. This paper introduces the updated architecture of the real-time simulation framework using FMI and presents proof-of-concept demonstration results which validate the new framework.
Introduction
Energy modeling is commonly used to help engineers, architects and owners design and integrate different building elements, such as the envelope, mechanical and electrical systems. As the standard for testing simulation tools [1] and the methods used to develop an energy model [2] evolve, a carefully created model can predict actual performance more accurately, which makes it possible to utilize energy simulation throughout the life cycle of a building. Pang et al. [3] reported the development of a framework that allows a comparison of building actual performance and expected performance in real time, as shown in Figure 1 . The realization of the framework utilized EnergyPlus [4] , the Building Controls Virtual Test Bed (BCVTB) [5, 6] Real Building Figure 1 Illustration of the framework a Building Automation System (BAS). EnergyPlus is used to model and simulate the building, the BCVTB acts as the middleware, and the BAS serves as the data acquisition system to collect the building and environment measurements. By real-time simulation, as opposed to off-line simulation, we mean the synchronization of the simulation time with real-time, as represented by the computer clock [3] .
The BCVTB is a freely available, open-source, software environment that allows users to couple different simulation programs for co-simulation. The BCVTB also allows simulation programs to be coupled to actual hardware. The BCVTB is a special configuration of Ptolemy II, an opensource framework for actor-oriented design, with the addition of specific actors relevant for the building industry [5, 6, 7] . Ptolemy II provides the synchronization of simulation time to realtime.
EnergyPlus is a detailed whole building energy simulation program that calculates the building heating and cooling loads and outputs disaggregated energy end-use as well as many other simulation variables that are necessary for a detailed comparison of the simulated and actual building performance [8] .
A few applications that use the previously published work have been reported [9, 10] . However, there are two main limitations associated with the previous realization of the real-time simulation framework:
• It only works with the models generated from the supported simulation tools, such as EnergyPlus, Dymola and TRNSYS. The running of the models requires the installation of the simulation software, or a runtime license, in the computer that runs the real-time simulation platform.
• It can only communicate with hardware through BACnet [11] or an analog Input/Output (I/O) device [12] . This paper introduces a major new realization of the real-time simulation framework that addresses these and other limitations.
The New Platform
The BCVTB has been further developed to support the import of simulation models or tools that implement versions 1.0 and 2.0 of the Functional Mockup Interface (FMI), which provides a standardized method of encapsulating models and simulation tools (see below). The resulting encapsulated models and tools are referred to as Functional Mockup Units (FMU). This extension allows the BCVTB to be used to couple simulation models and tools that implement the FMI interface with simulation models and tools that do not implement it. This new capability has enabled the development of the new real-time simulation platform. Figure 2 shows the evolution of the realization of the real-time simulation framework. As can be seen in Figure 2 , the new platform uses the Simple Measurement and Actuation Profile (sMAP) and the FMI to address the two main limitations described above.
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The BCVTB uses its Synchronous Data Flow (SDF) director to control the communication between different actors. Actors are BCVTB software components that execute concurrently and share data with each other by sending messages via ports [13] . With respect to FMI, the SDF director is the master algorithm that coordinates the data-exchange between FMU actors and other actors. In the new platform, the data-exchange occurs at a fixed time step, which can be specified by the user. The SDF director is responsible for advancing and synchronizing its local time to the computer clock time for real-time applications. If variable time-stepping is required, Ptolemy II supports co-simulation with adaptive time steps, for example by using the Discrete Event director. However, EnergyPlus only supports fixed time step co-simulation, which is why we used the SDF director. The minimum time step which can be handled by the new platform is dictated by the minimum time step supported by the simulation tool that generates the FMU. The opensource, Python-based, sMAP library developed at the University of California, Berkeley includes software modules to interface to various meters and sensors, set up a backend database for data archiving and provide a front-end visualization plotter to display real-time and archived data. As shown in Figure 3 , the sMAP architecture consists of several components that may be used together to capture, transmit, store, and present time-series data [14]:
• The sMAP Sources communicate with existing instrumentation, and collect time-series data using a wide variety of underlying protocols.
• The sMAP Archiver is a high-performance database for storing large volumes of data. It provides a simple and powerful interface for making use of historical data and real-time data and it locates and cleans the raw data.
• The Applications make use of historical and/or real-time data in order to achieve user objectives, for instance, providing attractive visualizations and computing optimal control strategies. For plotting data streams from the sMAP Archiver, sMAP uses the powerdb2 web-browser-based visualizer. The new real-time simulation platform invokes sMAP through the system command in the BCVTB using python scripts, which allows communication with a wide variety of instruments. In this way, the new real-time simulation platform successfully addresses the limitation regarding hardware communication noted above.
Functional Mockup Interface
The Functional Mock-up Interface (FMI) standard is the result of the Information Technology for European Advancement (ITEA2) project MODELISAR [15, 16, 17] . The FMI standard is a platform-independent protocol to support the exchange of simulation models and simulation tools using a combination of an XML-file and C-code in 1) the FMI for model-exchange Application Programming Interfaces (API), which provides a standardized API for dynamic simulation models that need to be imported into another modeling and simulation environment [15] . The dynamic models are described by differential, algebraic, and discrete equations with time-and state-events. Simulation models that implement the FMI for model-exchange use the solvers of the environment into which they are imported to integrate the differential equation in time. 2) the FMI for co-simulation API which provides a standard interface for coupling simulation models that contain their own solvers and simulation tools [16] . The FMI for co-simulation comes in two flavors: Standalone and Tool Coupling, as shown in Figures 5  and 6 respectively. a. In the Standalone API, the FMU contains the simulation model of a sub-system with the run-time environment provided by the simulation tool that has been used to generate the FMU. b. In the Tool Coupling API, the FMU implementation wraps the FMI functions calls to API which are provided by the simulation tool. In this configuration, the simulation tool needs to be present on, or accessible over the network from, the machine where the FMU will be executed.
Figure 6 FMU -the tool coupling API
3) the FMI for product life cycle management which provides a generic way to handle FMI-related data needed in a simulation of systems in a product life cycle management [15] .
The second and current version of FMI is FMI 2.0. This version was released in 2014 and is a major enhancement compared to FMI 1.0. FMI 2.0, the Model Exchange and Co-Simulation standards have been merged, and many improvements have been incorporated [18] .
The FMI standard defines a set of C-functions to be implemented by a simulation model or a tool to facilitate its interoperability with other tools. For the co-simulation API, the FMI functions are commonly used to a) instantiate the model, initialize it, set the inputs, do time integration, retrieve outputs, terminate and free the model. A simulation model or tool which implements the FMI standard is called a Functional Mock-up Unit (FMU). An FMU is a zip file which contains:
• the FMU model description file. This is an XML-file which contains relevant model information such as the names of the input and the outputs of the model so that an import tool can interface with the model, • C-sources of the model or compiled code which contain the model for the modelexchange API and the model with its run-time environment for the co-simulation API, • additional model data such as tables, figures and documentation.
At the time of writing, there are more than 70 simulation programs that are capable of importing or exporting simulation models that implement the FMI standard.
The use of the FMI successfully addresses the limitation of the previous platform that only a limited set of simulation software tools were supported. In addition, for a FMU generated from the Standalone API, the new real-time simulation platform does not require the simulation software to be installed on the same computer.
Field validation and result discussion
The objectives of the validation were to verify that 1) running an FMU encapsulating EnergyPlus in the BCVTB produces the same simulation results as running the EnergyPlus model directly; 2) the FMU can take the actual weather data as input and run in real time and produce the expected results.
Demonstration site information
We chose the top floor of a 4-story building to conduct the field validation. The building is an office building located in Berkeley, California. The building was originally built with 3 stories and the 4 th floor was added at a later time. As a result, the 4 th floor is served by a different HVAC system than the rest of the building and so is essentially independent of the rest of the building. Figure 7 shows the floor plan and the HVAC ductwork layout. Two packaged units deliver conditioned air to the perimeter offices and share a common return air duct in the core area.
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The 4 th floor is divided into three conditioned thermal zones and the rest of the area is an unconditioned mechanical room. Zones 401 and 402 consist of private offices and zone 403 is a conference room. Zones 401 and 402 are served by dedicated single zone packaged heat pump units and Zone 403 is served by a split system. Since the usage of the conference room is hard to predict, we only used Zone 401 and Zone 402 for our validation. The two zones are occupied from 6:15am to 6:00pm on week days. The zone occupied cooling set-point is 75°F and the heating set-point is 71°F. The fan runs continuously during the occupied hours regardless of the operating mode of the compressor. The compressor on each unit has two stages of cooling/heating. During occupied hours, the compressor cycles the stages to maintain the zone temperature at the set-point.
Real-time simulation setup

Instrumentation
The minimum instrumentation needed for real-time simulation is for the weather data, i.e. the outdoor dry bulb temperature, outdoor relative humidity or dew point, diffuse solar radiation, direct or global horizontal solar radiation, wind speed and wind direction, which provide the actual weather boundary conditions that drive the simulation in real time. Depending on the actual use case, additional instrumentation may include the real-time plug load power, lighting power, occupancy and/or room temperature set-points as inputs and the whole building electricity and gas consumption and power consumption for HVAC equipment, for comparison with the simulation outputs.
The demonstration building has a complete set of high quality sensors for weather measurements and the power consumption of each heat pump unit is also monitored. All these 
FMU generation
We chose EnergyPlus as the simulation tool for this demonstration. The geometry model is shown in Figure 8 . Since only the fourth floor is modeled, the first three floors are not shown. The grey object behind the building represents a hill. The building model was created using the design documentation, the building envelope material properties, the HVAC equipment specifications and the control sequences, which represents the design intent. A recentlydeveloped feature allows the EnergyPlus model to be exported as an FMU for co-simulation [19, 20] . A software module called EnergyPlusToFMU reads an EnergyPlus Input Data File (IDF), an Input Dictionary file (IDD) and a weather file, and creates an FMU that contains a zip-file as well as shared libraries that are used to interface with EnergyPlus. However, due to the complexity of EnergyPlus, the implementation uses the co-simulation tool coupling API, which means that to simulate the FMU, EnergyPlus has to be installed in the same computer. Since EnergyPlus is a free and open source software, the tool coupling API implementation is not a significant concern.
BCVTB to sMAP data exchange The BCVTB needs to exchange data with sMAP to acquire real-time model inputs and send the simulation results. This is achieved through the SystemCommand in the BCVTB, which executes a system command that is defined by the parameter programName and arguments programArguments, as shown in Figure 9 . The upper image shows the SystemCommand that acquires the real-time model input (in this case, from the sMAP Archiver -in other cases directly from the real-time sMAP sources) by calling a python script. The lower image shows the SystemCommand that uploads the simulated result back to the sMAP Archiver through the python arguments.
Figure 9 The BCVTB SystemCommand actor and its settings
Realization of the platform Figure 10 shows the realization of the new real-time simulation platform in the BCVTB. The real-time simulation was launched by starting the BCVTB through the Graphical User Interface (GUI) or through the console. The simulation step time was 3 minutes in this demonstration. At each step time, the FMU receives the weather data as inputs and advances the model by one time step. Once the simulation is finished for that step time, the SystemCommand writes the results to the sMAP Archiver. It should be noted that any input available in the simulation software can be used as an input to the real-time simulation platform. For example, if a measurement of lighting power is available, it can be used to calculate the instantaneous lighting power density, which can then be used as a lighting internal heat gain input to the EnergyPlus model. EnergyPlus contains a RunPeriod object to specify the Begin and End days of the simulation as shown in Figure 11 . In the FMU, the Begin and End days are ignored and only the entry Day of Week for Start Day is used in the FMU. The Begin and End days for the real-time simulation are specified in the BCVTB GUI in seconds, as shown in Figure 10 . For example, if the simulation begins on Jan 3 rd and ends on Jan 5 th , the beginTime and endTime are 86400*2 and 84600*5 respectively. As the EnergyPlus data input file can only specify the begin day and month, unless the simulation starts exactly at mid-night, a delay in the start of the simulation is needed in order to ensure the synchronization between the EnergyPlus simulation time and the computer clock time. In the BCVTB GUI, synchronization of the simulation time and real-time can be achieved by selecting the SDF Director and checking a check box, as shown in Figure 12 .
It should be noted that the simulation is stopped until real-time catches up. It is not guaranteed that the simulation executes within the allocated sampling time. The new platform is limited by the capability of the FMUs that are used with it. For instance, an FMU which supports a minimum time step of x will constraint the framework not to use a time step that is smaller than x. However, this is not a problem for EnergyPlus as the minimum time step in EnergyPlus is one minute and EnergyPlus is sufficiently fast to complete one step of simulation in one minute.
Discussion of experimental results
Execution time comparison
The first experiment was a comparison of the execution times of the EnergyPlus simulation for the two approaches that were used in the previous and current platforms, i.e. the BCVTB simulator interface and the BCVTB FMI interface. The simulation of the demonstration building was run for one year, using three different simulation time steps, i.e. 1 minute, 5 minutes and 10 minutes. The computer that ran the test has the Window 7 operating system with an i7-860 2.80 GHz processor. Table 1 presents the comparison results. As a reference, the execution time of running the model using EnergyPlus engine directly is also shown. As can be seen in Table 1 , the execution times for the two approaches are comparable, with BCVTB FMI interface running slightly slower; this is to be expected because of the overhead of the FMI transaction layer. Since the simulation is run in real time, the effect of the difference in practice is negligible. 
FMU simulation results verification
In the second experiment, the FMU was run in the BCVTB and the EnergyPlus model was run directly, using the same weather data. The results of the two simulations were compared to verify the FMU performance. We used the Typical Meteorological Year 3 (TMY3) weather data for San Francisco to run the simulation. Figure 13 shows the electrical power consumption of the AC24 heat pump for both cases for the occupied hours for one day in summer. The results are the same at each step time, to the reported precision (10 -6 W).
Figure 12 Realization of synchronization of simulation time to real-time in BCVTB
Conclusion
A new realization of the real-time simulation framework has been developed and tested. The new realization features an open standard interface to simulation models and a wider range of protocols for communication with hardware, enabled by utilizing the FMI and sMAP. The configuration and setup of the new realization is much simplified in comparison to the previous implementation, which will make it easier to scale up the use of real-time simulation. The new realization could be used in various contexts to improve building energy performance, such as model-based fault detection and diagnosis, model predictive control, model-based commissioning and dynamic building performance benchmarking.
